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Although theoretically well-motivated as a minimal consistent Dark Matter (DM) model, the
Inert Doublet Model (IDM) fell short in explaining the existence of DM in the intermediate mass
region (100 − 500 GeV). We try to address this problem by introducing an additional vector dark
matter. We show that the relic density of inert dark matter candidate can be enhanced significantly
with new interactions in the intermediate mass region 100− 500 GeV in the multicomponent dark
matter model when compared with the usual single component inert doublet model. We also show
that we can get a reasonable excess in the /ET distribution if we do not apply a very hard /ET cut
on it as is customary in any dark matter search at the LHC.
I. INTRODUCTION
The observational results from the satellite-borne ex-
periment WMAP [1] and more recently Planck [2] have
now firmly established the presence of dark matter in
the Universe. Their results reveal that more than 80% of
matter content of the Universe is in the form of mysteri-
ous unknown matter called the dark matter (DM). Until
now, only the gravitational interactions of DM have been
manifested by most of its indirect evidence namely the
flatness of rotation curves of spiral galaxies, gravitational
lensing, phenomena of Bullet cluster and other various
colliding galaxy clusters etc. However, the particle na-
ture of DM still remains an enigma. There are various
ongoing dark matter direct detection experiments such as
LUX [3], XENON1T [4], PandaX-II [5] and indirect de-
tection experiments like Fermi-LAT [6] and H.E.S.S [7],
which have been trying to investigate the particle na-
ture as well as the interaction type (spin-dependent or
spin-independent) of DM with the visible sector by mea-
suring the recoil energy of the scattered detector nu-
clei. However, the null results of these experiments have
severely constrained the DM-nucleon spin-independent
scattering cross section σSI. The overwhelming success
of the Standard Model (SM) has been established un-
doubtedly by the discovery of Higgs by ATLAS [8] and
CMS [9]. However, the SM of particle physics is inade-
quate to explain the riddles of neutrino mass, dark mat-
ter, inflation etc. In the Standard Model (SM) there is
no dark matter candidate and one should, therefore, look
beyond. Depending upon the production mechanism in
the early Universe, the dark matter can be called thermal
or non-thermal. In the former case, dark matter particles
were in both thermal as well as in chemical equilibrium
with other particles in the thermal soup at a very early
epoch. As the Universe expands and temperature de-
creases, the thermal dark matter candidate freezes out
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and becomes a relic. Weakly Interacting Massive Par-
ticle (WIMP) [10, 11] is the most studied candidate for
the thermal dark matter scenario. WIMP candidates are
also referred to as cold dark matter (CDM) for being
non-relativistic at the time of decoupling from the ther-
mal bath. Direct search experiments mainly search for
WIMP-like DM candidates.
Various WIMP dark matter scenarios have been pro-
posed and explored extensively in the literature. Among
these extensions of the SM, a simple approach is to intro-
duce an additional SU(2) scalar doublet which produces
no vacuum expectation value (vev) due to the imposed
Z2 symmetry under which the doublet is odd. The re-
sulting model is named the Inert Doublet Model (IDM).
Dark matter phenomenology of IDM has been elaborately
studied in the literatures [12–29]. Apart from the dark
matter phenomenology, collider searches from IDM are
also performed extensively [24, 30–38]. IDM can provide
a low mass dark matter candidate with mass smaller than
130 GeV and a high mass regime above 500 GeV [26, 28].
In the region in between, the inert dark matter is found
to be underabundant due to the large annihilation into
gauge bosons. However, this can be resolved if one as-
sumes that dark matter is multicomponent in nature.
Different multicomponent dark matter models including
both thermal and non-thermal dark matter candidates
have been explored in the literatures [39–58]. In mul-
ticomponent dark matter models one of the candidates
shares a fraction of total DM relic abundance and the
other candidate provides the required amount of relic
density in order to satisfy the total DM relic density
observed by Planck [2]. In this work, we consider an-
other vector boson dark matter candidate in addition to
the existing IDM. While the IDM is odd under a dis-
crete Z2 symmetry, the added vector boson is also con-
sidered to be odd under another Z ′2 symmetry making
both the candidates stable. There are other possible
ways to stabilise the vector such as the inclusion of a
dark U(1)D symmetry [51, 59]. Such scenarios include
an extra scalar field that mixes with the SM Higgs boson
after symmetry breaking and provides a stable vector bo-
son dark matter. Here, we consider a minimal scenario
avoiding such mixings and stable vector DM is achieved
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2only by introducing a Z2 symmetry. In fact, we have
observed that in certain conditions it is even possible to
boost the relic density contribution from inert doublet
dark matter. This multicomponent scenario, therefore,
provides a window to explore the inert dark matter in
the mass range 130-500 GeV. In addition, the inclusion
of a vector dark matter candidate enriches the dark sec-
tor. In this work, we present the phenomenology of the
proposed multicomponent dark matter model and test
the viability of the model by constraining the model pa-
rameter space from different theoretical and experimen-
tal bounds. We investigate the possibility whether the
relic density of inert dark matter candidate can be en-
hanced significantly in the intermediate regime of inert
doublet mass ∼130-500 GeV. The proposed multicompo-
nent dark matter model further opens up a new window
of IDM to be tested in the LHC for possible signatures
and promising outcomes.
The paper is organised as follows. In Section II we
describe our model including its field contents and La-
grangian. Section III gives the theoretical and experi-
mental bounds on the various model parameters. The
formalism which includes the form of the Boltzmann
equations for the relic density and expressions for the
direct detection bounds on the dark matter is described
in Section IV. We show in Section V the detail observa-
tions and results from the dark matter analysis and in
Section VI, the outcome of the collider searches in the
present LHC environment. Finally, we conclude our pa-
per in Section VII.
II. THE MODEL
In the present work, we consider a multicomponent
dark matter model by including an additional vector bo-
son to the Inert Doublet Model (IDM) of dark matter.
The inert doublet is considered to be odd under a Z2
which ensures that it does not acquire any vacuum expec-
tation value (vev) after spontaneous symmetry breaking.
Also, particles in the Standard Model (SM) are even un-
der this Z2 which forbids the decay of the lightest inert
particle. Therefore, the lightest inert particle can serve
as a dark matter (DM) candidate. Similarly, we impose
another discrete Z ′2 symmetry upon the vector boson X
which can also be a feasible DM candidate in our model.
We denote the SM Higgs doublet as H while the inert
Higgs doublet is Φ. The total Lagrangian of our study is
as follows
L = |DµH|2 + |DµΦ|2 − VIDM
+ LH/Φ,X + LX + LYuk + LHiggsSM , (1)
where LHiggsSM is the SM Lagrangian sans the Higgs part,LYuk is the SM Yukawa interaction Lagrangian. LX is
the vector DM sector which is given by
LX = −1
4
XµνXµν +
1
2
M2XXµX
µ +
1
4
λX(XµX
µ)2 , (2)
the interaction term, LH/Φ,X between the scalar fields
H,Φ and the dark vector boson, X is
LH/Φ,X = λHX(XµXµ)(H†H) + λΦX(XµXµ)(Φ†Φ) ;
(3)
and finally, the well known IDM potential
VIDM = m
2
11(H
†H) +m222(Φ
†Φ)
+ λ1(H
†H)2 + λ2(Φ†Φ)2 + λ3(H†H)(Φ†Φ)
+ λ4(H
†Φ)(Φ†H) +
λ5
2
[
(H†Φ)2 + h.c
]
, (4)
where all the couplings λi, i = 1 − 5 are assumed to be
real and also m211 < 0 so that spontaneous symmetry
breaking (SSB) occurs. After SSB the SM Higgs doublet
receives a vev v = 246 GeV and the doublet fields are
denoted as
H =
 0
1√
2
(v + h)
 , Φ =
 H+
1√
2
(H0 + iA0)
 . (5)
Masses of different physical scalar including SM Higgs
and inert particles and the vector boson X of the dark
sector are given as follows
m2h = 2λ1v
2
m2H± =m
2
22 + λ3
v2
2
m2H0 =m
2
22 + (λ3 + λ4 + λ5)
v2
2
m2A0 =m
2
22 + (λ3 + λ4 − λ5)
v2
2
m2X =M
2
X + λHXv
2 .
(6)
In the above Eq. (6), mh refers to mass of SM Higgs
boson (h) mh = 125.09 GeV [60]. As mentioned, even
after SSB the dark Z2 (Z
′
2) symmetry of inert doublet
(vector boson X) remains intact and the lightest scalar
H0 of the IDM
1 along with X provides a scenario for
multicomponent dark matter.
Before we present the discussions on the phenomenol-
ogy of multicomponent dark matter model, we first
mention some important theoretical and experimental
bounds to be taken into account in the next section.
III. CONSTRAINTS AND BOUNDS
Vacuum Stability: In order to stabilise the Higgs vac-
uum following conditions must be satisfied [61]
λ1, λ2 > 0 , λ3 + 2
√
λ1λ2 > 0 ,
λ3 + λ4 − |λ5|+ 2
√
λ1λ2 > 0 .
(7)
1 We consider λ5 < 0.
3Perturbativity: Quartic interactions at tree level at
high energy provides bound on the eigenvalues |Λi| of
quartic couplings which must obey the relation |Λi| ≤ 4pi.
LEP: LEP [60] provides bound from the decay width
measurement of Z boson which is given as
mH0 +mA0 > mZ ,
mH± > 80 GeV.
(8)
Relic Density: In the present model we have two fea-
sible dark matter candidates H0 and X. Since both the
candidates contribute to the dark matter relic density ob-
tained from Planck [2] experiment, one must satisfy the
following relation
ΩDMh
2 = 0.1199±0.0027 = ΩH0h2 + ΩXh2 , (9)
where h denotes the Hubble parameter (100
km s−1 Mpc−1) and relic density of inert doublet
(vector dark matter) is given as ΩH0h
2 (ΩXh
2).
Direct Detection Experiments: Apart from satisfy-
ing the conditions from dark matter relic density, both
the dark matter candidates must be in agreement with
present direct detection bounds from different dark mat-
ter search experiments as well. In this work, we constrain
the model parameter space with the latest direct detec-
tion limits obtained from XENON1T [4].
Indirect Detection Experiments: Dark matter is
further constrained from the observations of diffused γ-
rays from the Galactic Centre (GC) and dwarf spheroidal
galaxies (dSphs) where DM density appears to be large.
Experiments such as Fermi-LAT [6] and H.E.S.S [7] has
put constraints on the upper limit of velocity averaged
scattering cross sections for various channels which can
contribute to the observed photon flux. Here we obeyed
constraints on the model parameter space emanating
from the observations of the latest Fermi-LAT data [6].
Searches at LHC: The DM searches at the LHC has
been performed in various hadronic as well as leptonic
channels. Here we will follow the dilepton + missing
energy (2` + /ET ) searches for our present study. Usu-
ally, such experimental searches were conducted in the
context of Supersymmetric (SUSY) theories. Since our
study does not include SUSY, we will follow the outcome
of those searches with some care.
IV. FORMALISM FOR DARK MATTER
ANALYSIS
Before we begin our analysis of the multicomponent
dark matter scenario, we briefly mention the calculations
of relic density and direct detection measurements in the
present model.
A. Relic density of dark matter candidates
Since the present model deals with two dark matter
candidates which also interact with themselves, we have
to solve for the coupled Boltzmann equation. Relic den-
sity for each of the dark matter candidate is obtained by
solving these coupled equations which are written as
dnH0
dt
+ 3HnH0 = −〈σv〉H0H0→SMSM
(
n2H0 − n2H0eq
)
+ 〈σv〉XX→H0H0
(
n2X −
n2Xeq
n2H0eq
n2H0
)
; (10)
dnX
dt
+ 3HnX = −〈σv〉XX→SMSM
(
n2X − n2Xeq
)
− 〈σv〉XX→H0H0
(
n2X −
n2Xeq
n2H0eq
n2H0
)
. (11)
where mX > mH0 . Similarly, for mH0 > mX ,
dnH0
dt
+ 3HnH0 = −〈σv〉H0H0→SMSM
(
n2H0 − n2H0eq
)
− 〈σv〉H0H0→XX
(
n2H0 −
n2H0eq
n2Xeq
n2X
)
; (12)
dnX
dt
+ 3HnX = −〈σv〉XX→SMSM
(
n2X − n2Xeq
)
+ 〈σv〉H0H0→XX
(
n2H0 −
n2H0eq
n2Xeq
n2X
)
. (13)
In the above Eqs. (10) and (11), ni, i = X,H0, de-
notes the number density of dark matter particles and
their equilibrium number densities are expressed as
nieq respectively. Annihilation cross section of dark
matter candidates into SM are given as 〈σv〉ii→SMSM
while the same between themselves are denoted by the
〈σv〉XX→H0H0 (〈σv〉H0H0→XX) for mX > mH0 (mH0 >
mX). Solving for the Eqs. (10) and (11) (or Eqs. (12)
and (13) depending on the masses of mH0 and mX), one
can obtain the relic density contributions from each of
the dark matter candidates of the form
Ωih
2 = 2.755× 108 mi
GeV
Yi(T0) , i = H0, X , (14)
where Yi = ni/s, is the yield of dark matter candidate ob-
tained at present temperature of Universe T0 and s is the
entropy density of the Universe. The total DM relic den-
sity is then obtained by adding individual relic density of
both the candidates as mentioned in Eq. (9). It is to be
noted that the annihilation cross section 〈σv〉XX→H0H0
(〈σv〉H0H0→XX ) depends on the coupling between dark
sector particles and therefore the coupling λΦX plays a
significant role in the dark matter phenomenology.
4B. Direct detection of DM candidates
Dark matter direct search experiments like LUX,
XENON1T etc. search for direct interactions of dark
matter with detector nuclei. Dark matter candidate can
undergo elastic scattering with detector nuclei and re-
coil energy will be transferred which can be measured at
the detector. However, no such event has been recorded
yet which provides a stringent limit on dark matter di-
rect detection cross section. In the present model, both
of dark matter candidates H0 and X can undergo spin-
independent elastic scattering with the detector nuclei.
Since, the model involves two dark matter candidates, the
final direct detection cross section for each dark matter
will be scaled by a factor ri = Ωih
2/ΩDMh
2, i = H0, X.
Bounds from direct detection of dark matter will con-
strain the model parameters. It is to be noted that cou-
pling λΦX has no contribution in direct detection mea-
surements. The spin independent direct detection cross
section for the scalar dark matter H0 is given as
σSIH0 = rH0
λ2L
16pi
1
m4h
f2
m4N
(mH0 +mN )
2
, (15)
where λL = (λ3 +λ4 +λ5)/2 and mN denotes the mass of
the nucleon. In the above expression of Eq. (15) the con-
tributions from nuclear matrix elements are given by the
factor f ∼ 0.3 [13, 62]. Similarly, the spin-independent
direct detection cross section for the vector dark matter
candidate X is expressed as
σSIX = rX
λ2HX
16pi
1
m4h
f2
m4N
(mX +mN )2
, (16)
We constrain the model parameter space using the
most stringent direct detection bounds obtained from
XENON1T [4].
V. OBSERVATIONS AND RESULTS
Before we present the discussions on our model with
multicomponent dark matter, we summarise the main
parameters in the model. The model is implemented in
FeynRules [63] and the relic density computation is per-
formed using micrOMEGAS [64] package scanning over
the available parameter space. As mentioned previously,
the model has two dark matter candidates, the light-
est inert doublet particle H0 and the vector boson X.
The parameters from the inert doublet that contribute
to relic density and direct detection measurements are
well known
λL, mH0 , mA0 , mH± .
Similarly, the parameters that contribute to DM phe-
nomenology of the vector boson are
λHX , mX .
Apart from these above-mentioned parameters, there is
another coupling λΦX which can contribute to the an-
nihilation among the dark sector particles. It is to be
noted that even for the coupling λΦX = 0, the above an-
nihilation can occur through Higgs mediated diagrams.
However, such contributions are significant only near the
Higgs resonance and become small when we consider the
mass of dark matter candidates away from Higgs reso-
nance. Also, the strong bound from dark matter direct
detection severely constrains the couplings λL and λHX
reducing the effects of dark sector annihilation. On the
other hand, the four-point coupling λΦX is a completely
independent parameter which does not contribute to dark
matter direct detection but can contribute to relic den-
sity of DM particles. In this work, our primary aim is to
study how the 2 ↔ 2 annihilation between dark sector
particles H0 and X affects the multicomponent dark mat-
ter scenario. To this end, we consider the intermediate
regimes of dark matter masses in our work
100 GeV ≤ mH0 ,mX ≤ 500 GeV . (17)
It is to be noted that for the case of the inert doublet,
co-annihilation effects can be significant if mass split-
ting between the scalar H0, A0 and the charged parti-
cle H± is small. In fact, for a pure inert doublet dark
matter, relic density is negligible for large mass split-
ting. In this work, we present our results for two val-
ues of mass splitting ∆m = 10 GeV and 25 GeV where
∆m = mA0−mH0 (in GeV) and mH± = mA0+0.1 GeV2.
The coupling λL and λHX should not be large in order
to satisfy direct detection bounds and we set them to be
equal, λL = λHX = 0.01. In this way, we restrict other
model parameters and use the coupling λΦX as a variable,
the new parameter to determine the allowed regions in
this framework.
To begin with, we first consider a simplified case set-
ting λL = λHX = 0 and changing λΦX from a very small
value to 0.13. We denote the relic density of inert dark
matter H0 as ΩH0h
2 and that of the vector DM candi-
date as ΩXh
2 (as expressed in Eq. (9)). In Fig. 1 we
show the variation of ΩH0h
2 against mH0 for the chosen
values of couplings λΦX for λL = λHX = 0. With this
consideration, only the gauge interactions of inert dark
matter will survive and there will be H0H0 ↔ XX an-
nihilation due to quartic coupling λΦX only. Moreover,
with λL = λHX = 0, there will not be any direct de-
tection signatures of both the dark matter candidates.
We set the mass difference ∆m = mA −mH0 = 10 GeV
and mX = 200 GeV. From Fig. 1, we observe that for
2 mH± −mA0 = 0.1 GeV is maintained throughout the analysis
for all the different cases considered in the work.
3 It is to be noted that since we have already set the coupling
λHX = 0, we cannot use λΦX = 0 when solving the coupled
Boltzmann equation. Hence we considered a very small λΦX ∼
10−15 such that it reproduces the nature of IDM.
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FIG. 1: ΩH0h
2 vs mH0 for ∆m= 10 GeV. Only the quartic
interactions in X X → H0H0 and quartic gauge interactions
in H0H0 → SM SM are considered.
λΦX = 0.01, the relic density ΩH0h
2 of H0 changes dras-
tically from the case with λΦX = 10
−15, where H0 can
annihilate only to SM gauge bosons for the region of mass
mH0 ≤ 200 GeV and afterwards follows the same pat-
tern of IDM (λΦX = 10
−15). The increase in H0 relic
density happens till mH0 ∼ mX and it falls sharply as
mH0 ≥ mX when H0H0 → XX annihilation channel
opens. Apart from that there exists another small peak
around mH0 ∼ 190 GeV as new annihilation channels
A0A0, H
+H− → XX appear before H0H0 → XX an-
nihilation. Comparing the plots in Fig. 1 for the case
λΦX = 10
−15 with λΦX = 0.01, we conclude that the en-
hancement in the relic density is due to the production
of H0 particles from annihilations XX → H0H0. How-
ever, with increasing λΦX , this situation changes. With
increase in λΦx, the annihilation 〈σv〉XX→H0H0 also in-
creases. However, this results in a reduction of nX num-
ber density and rise in nH0 number density. As a result,
the overall contribution of the second term in Eq. (10)
decreases which is clearly observed in Fig. 1. Therefore,
relic density of H0 (as well as enhancement in relic den-
sity) decreases with increasing λΦX coupling in the region
mH0 < mX ∼ 200 GeV and tends to decrease further in
the higher mass range mH0 > mX governed by Eq. (12).
A discussion is in order regarding whether inert dou-
blet itself can obtain total DM relic abundance assisted
by the vector boson. Looking into Fig. 1 one may think
that it is possible as for λΦX = 0.01, relic density of
IDM is overabundant. However, it is to be noted that
this is the case for λL = 0. An interesting feature of
IDM that distinguishes it from ordinary scalar DM is the
gauge interactions which are very strong. As a result,
even with λL = 0 and no conversion into vector particle
via direct interaction (λΦX = 0) and Higgs portal (since
λHX , λL = 0), for mH0 ≥ mW,Z we have large annihila-
tion into gauge bosons and DM relic density is very low
following the green plot shown in Fig. 1. Now if we con-
sider a pure IDM case with λL 6= 0, λHX = λΦX = 0,
with new annihilation channels into SM particles relic
density of IDM will decrease further. However, in the
Higgs portal DM case, since there is no direct interaction
with the gauge sector, the annihilation of DM depends
only on Higgs portal coupling and with an increase in the
coupling, relic density decreases. Since in IDM, the gauge
interaction dominates for mH0 > mW,Z a small value of
λL = 0.01 will not affect the relic abundance very much
but for a higher value of λL = 0.1, the relic density can
be even smaller due to more annihilations. Also, larger
λL values will eliminate most of the parameter space (for
low mass IDM mH0 < 500 GeV) due to large direct
detection cross section. However, in the presence of the
vector DM candidate, it is possible to enhance the IDM
relic density from conversion mechanism with new pro-
duction channels XX → H0H0 as discussed in Fig. 1.
Now, we will discuss a case of general IDM with λL 6= 0
and try to investigate to what extent the relic density of
IDM can be enhanced in the general situation.
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FIG. 2: ΩH0h
2 vs mH0 for ∆m= 10 GeV. All the possible
interactions (both quartic and Higgs mediated) in H0H0 →
SM SM and X X → H0 H0 are taken into account.
We now consider a more realistic picture than what
is shown in Fig. 1, with all possible channels of in-
ert dark matter annihilation into consideration by tak-
ing λL 6= 0. For this, we demonstrate our results
with fixed Yukawa couplings λL, λHX = 0.01 with
∆m = 10 GeV and mX = 200 GeV for four values
of λΦX = 10
−15, 0.01, 0.05, 0.1.4 We show the varia-
tion in relic density of inert scalar dark matter H0 with
mass mH0 in Fig. 2. From Fig. 2 we observe that for
λΦX = 10
−15, the results for inert scalar dark matter
are identical to the usual inert dark matter model. How-
ever, situations change as the mixing λΦX becomes large
and a prominent resonance appears near the mass of mX
4 As mentioned earlier, for larger values of λL = 0.1, there will be
large annihilations of IDM which will further decrease the IDM
relic density. Moreover, larger λL will also result in large di-
rect detection cross section and reduce low mass IDM parameter
space. Therefore we consider a smaller value of λL = 0.01. A
detailed discussion on λL is presented later.
6and relic density enhances as mH0 approaches mX . Plots
with different λΦX = 0.01, 0.05, 0.1 follow the similar pat-
tern in appearing in Fig. 1. However, due to the pres-
ence of new annihilation channels of H0 (as λL = 0.01),
the enhancement in ΩH0h
2 is reduced for the mass range
mH0 ≤ mX when compared with Fig. 1. For the regime
mH0 ≤ mX , inert scalar particles are being produced
via the annihilation of X particles which compensates
the annihilation of H0H0 into W
+W−. Therefore al-
though H0 particles are being annihilated they are also
produced at a larger rate which enhances their relic den-
sity contribution from IDM. It is to be noted that al-
though there is a new production channel XX → H0H0
through Higgs, its contribution is not significant and sup-
pressed with respect to direct production depending on
coupling λΦX . The inert scalar relic density then de-
creases with increasing mass mH0 > mX and this effect
becomes large for larger values of λΦX . This indicates
that for the region of mass mH0 > mX , H0H0 → XX
annihilation becomes large and as a result relic density
of IDM candidate reduces considerably. The most inter-
esting feature is the resonance region where IDM relic
density is enhanced within the 100-500 GeV regime de-
pending on the mass of mX (which is required to be in the
intermediate mass regime as well) when compared with
the normal single component IDM scenario equivalent to
the case λΦX = 10
−15. As seen in Fig. 2, relic density
of inert dark matter candidate H0 is ΩH0h
2 ∼ 0.032 for
mH0 = 200 GeV with λΦX = 0.01 which is much larger
than ΩH0h
2 = 7.8× 10−3 when compared with the usual
single component IDM case (for λΦX = 10
−15 shown
in Fig. 1). Moreover, the same order of relic density is
achieved at mass mH0 ∼ 500 GeV in the normal inert
doublet. We also observe that increasing λΦX also re-
duces DM relic density ΩH0h
2 by increasing contribution
of H0H0 ↔ XX channel which then starts to dominate
over inert doublet annihilations in Boltzmann equation
following the same pattern obtained in Fig. 1. There-
fore, one can have a significant contribution from inert
DM candidate in the present scenario even within the
mass range 130-500 GeV.
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FIG. 3: ΩH0h
2 vs mH0 for λΦX = 0.1 as a function of mX .
In another plot (Fig. 3) we show the variations of
ΩH0h
2 for the same range of mH0 with two different val-
ues of mX = 300 GeV and 500 GeV for λΦX = 0.1
taking ∆m = 10 GeV and compare the results with
∆m = 25 GeV for same set of parameters. The cou-
plings λL and λHX are kept fixed at the same value 0.01.
We observe that for mX = 300 GeV, ΩH0h
2 increases
with mH0 until the resonance. In this regime, the anni-
hilation XX → H0H0 dominates which enhances ΩH0h2
and a sharp fall appears thereafter. Similar behaviour
is observed for mX = 500 GeV. This nature is followed
for both values of ∆m. However, it is to be noted that
for the case ∆m = 10 GeV, ΩH0h
2 is larger with re-
spect to the case when ∆m = 25 GeV. This is due to
the fact that for smaller ∆m, the contribution of co-
annihilation channels in inert doublet is large which can
significantly enhance relic density of inert scalar H0. On
the other hand for larger mass splitting, co-annihilation
channels are suppressed resulting reduction of relic abun-
dance. The spread of the peak near mH0 ∼ mX also de-
pends on the value of mass splitting as clearly observed
in Fig. 3. The resonances peak in the plots is sharper
for ∆m = 10 GeV and broader for ∆m = 25 GeV. The
resonance peak near mH0 ∼ mX is associated with an-
other small peak which appears as A0A0 ↔ XX and
H±H± ↔ XX channels open up before H0H0 ↔ XX.
Therefore, one can conclude that depending on the mass
of vector DM candidate and mass splitting ∆m, H0 can
have a formidable contribution to total DM relic density.
However from both Figs. 2 and 3, we observe that al-
though relic abundance of inert dark matter is increased,
it cannot alone satisfy the total DM relic density for dark
matter and therefore the vector dark matter also con-
tributes to the total DM relic density.
So far we have discussed how relic abundance of IDM
changes with the inclusion of additional vector dark mat-
ter and found that although there is a sizeable enhance-
ment in H0 relic density, we need contribution from vec-
tor DM also. It is to be noted that vector DM can alone
satisfy the DM relic density (see Ref. [65] and references
therein). However, it is found that although portal vec-
tor DM can explain DM relic density with λHX ∼ 0.1, it
fails to satisfy direct detection limits for a large range of
mass range up to 1 TeV (see Fig. 19 of Ref. [65]). There-
fore, we investigate in this work whether a low mass vec-
tor DM can be achieved to satisfy direct detection limits
and also provide the required amount of relic abundance
such that Eq. (9) is satisfied. If the coupling λHX is
increased further, the relic abundance of pure Higgs por-
tal vector dark matter will fall (as Ωh2 ∼ 1/〈σv〉), but
it will be ruled out by direct detection. On the other
hand for smaller λHX = 0.01, direct detection can be
recovered but vector DM becomes overabundant. Hence,
it is interesting to study whether, in the two-component
framework, relic density of vector dark matter can be
reduced for small λHX . In Fig. 4, we present the varia-
tion of relic density of vector dark matter with its mass
mX for two different values of λΦX = 0.1, 0.3 and for
7mH0 = 200 GeV , λϕ X= 0.1
mH0 = 200 GeV , λϕ X= 0.3
mH0 = 500 GeV , λϕ X= 0.1
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0.01
0.05
0.10
0.50
1
5
10
mX (GeV )
Ω
X
h
2
λHX=λL=0.01
Δm = 10 GeV
FIG. 4: ΩXh
2 vs mX for different values of mH0 and λΦX .
fixed λL = λHX = 0.1 and ∆m = 10 GeV. With this
choice, we can directly investigate whether we have a re-
gion where vector dark matter becomes underabundant
in order to satisfy the requirements of combined relic den-
sity following Eq. (9). From Fig. 4, we observe that for
mH0 = 200 GeV, the relic abundance of vector DM ini-
tially starts with a higher value for mX ≤ mH0 . An
initial drop in relic density occurs when the annihilation
channel XX → hh opens for mX = mh. However, as mX
increases new annihilation channel XX → H0H0 (when
mX ∼ mH0) opens up and as a result relic density of X
decreases. This reduction in relic density depends on the
coupling λΦX . It can be easily observed from Fig. 4 that
for λΦX = 0.3, annihilation XX → H0H0 is large and
relic density of vector DM falls considerably when com-
pared with the case of λΦX = 0.1. Similar nature of the
relic density plots is observed for mH0 = 500 GeV, but in
this case, the relic abundance of vector DM decreases at
higher mass mX ∼ mH0 when the annihilation becomes
kinematically allowed. Therefore, the low mass region of
vector dark matter which was ruled out by direct detec-
tion in standard Higgs portal scenario becomes accessible
in the two-component framework and also opens the win-
dow for the study of multicomponent dark matter.
Now we present our results for the overall range of pa-
rameter space described at the beginning of this Section.
In Fig. 5 we depict a scatter plot of mH0 against ΩH0h
2
for two values of λΦX = 0.1, 0.3 varying both mH0 and
mX from 100-500 GeV with ∆m = 10 GeV. We have
considered the same values of λL, λHX = 0.01 as stated
earlier. We observe a large spread in relic density ΩH0h
2
with mH0 . We also observe in Fig. 5 that increasing λΦX
results in decrease in the relic density ΩH0h
2 which di-
rectly follows the nature of plots in Fig. 1 and Fig. 2. For
the chosen ∆m = 10 GeV, we observe that the relic den-
sity ΩH0h
2 attains a maximum 0.1 for mH0 ∼ 500 GeV
for λΦX = 0.1 and for λΦX = 0.3 it can reach values up
to 0.05. This is due to increase in λΦX which increases
the 2↔ 2 annihilations between dark sector particles as
stated earlier.
In Fig. 6 we show the variation of mX with ΩXh
2 for
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FIG. 5: ΩH0h
2 vs mH0 as a function of λΦX for ∆m =
10 GeV.
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FIG. 6: ΩXh
2 vs mX as a function of λΦX for ∆m = 10 GeV.
the same range of parameters. Here we also observe a
similar increase in relic density with mX as obtained for
scalar DM candidate. However, a large range of parame-
ter space is ruled out for as ΩXh
2 becomes overabundant.
A small drop in ΩXh
2 near mX ∼ mh represents the new
annihilation channels XX → hh. Comparing Fig. 4 with
Fig. 6, it can be easily observed that region of upper and
lower part of the envelope in Fig. 6 follows directly from
Fig. 4 as the mass mH0 is varied from 100 to 500 GeV. For
smaller values of mX , as shown in Fig. 4 a drop in ΩXh
2
occurs which creates the lower envelope while for higher
values of mX the reduction in relic density appears later
creating the upper envelope of the scatter plot. Similar
plots for variations for ΩH0h
2 (ΩXh
2) against mH0 (mX)
with ∆m = 25 GeV are shown in Figs. 7 and 8. It is
interesting to observe that for increased mass splitting
between H0 and A0 and for λΦX = 0.1, the maximum
relic density obtained for the inert DM (ΩH0h
2 ∼ 0.05)
is almost half when compared with Fig. 5. This is due
to the fact that as we increase the mass splitting, the
contributions from co-annihilation channels will reduce.
The plot in Fig. 7 depicts same nature of Fig. 5 as we
change λΦX . However, for the vector DM candidate X,
8there is no such effect and the corresponding Fig. 8 re-
mains almost similar to Fig. 6 with no significant change.
Both Fig. 6 and Fig. 8 exactly follows the nature of Fig. 4
discussed earlier. Moreover, the choice of ∆m does not
affect the relic density of X as it is related to inert dark
matter. However, we will show that although it doesn’t
affect the relic density ΩXh
2, mass splitting ∆m can have
a significant effect when the total relic density of the mul-
ticomponent dark sector is taken into account.
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FIG. 7: ΩH0h
2 vs mH0 as a function of λΦX for ∆m=25 GeV.
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FIG. 8: ΩXh
2 vs mX as a function of λΦX for ∆m = 25 GeV.
We would like to mention here that a simple scenario
for scalar and vector DM without mixing λΦX is com-
pletely different from inert doublet and vector DM. First
of all, inert doublet has direct gauge interaction but sin-
glet scalar DM can interact with gauge boson through
Higgs portal only. Also in the case of singlet scalar DM
(S), there is only one conversion channel SS ↔ XX (via
quartic coupling λΦX and Higgs mediation). But for in-
ert doublet, there are many other annihilation channels,
such as H0H0, A0A0, H
+H− ↔ XX (the analytical ex-
pressions for the annihilation cross section are given in
the Appendix A), that can affect the result. Furthermore,
it also depends on the mass splitting between H0, A0 etc.
Therefore, results with inert doublet and vector DM are
substantially different from the study of singlet scalar
+ vector DM discussed in Ref. [41]. This can be easily
understood from Fig. 3. In the present multicomponent
DM, depending on mass splitting we have two distinct
peaks in Fig. 3, small peaks due to A0A0, H
+H− ↔ XX
and a large peak due to H0H0 ↔ XX. In the case of sin-
glet + vector DM, there will be only one such peak only
for SS ↔ XX as there is no other annihilation possible.
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FIG. 9: mX vs mH0 for ∆m = 10 GeV as a function of λΦX .
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FIG. 10: ΩXh
2 vs mX ,ΩH0h
2 vs mH0 for ∆m = 10 GeV.
In Fig. 9, we present the allowed ranges of dark mat-
ter masses in mH0 −mX plane for four values of λΦX =
0.08, 0.1, 0.15, 0.3 considering λL = λHX = 0.01 with
∆m = 10 GeV. We vary the masses of dark matter can-
didates in the range 100 GeV ≤ mH0,X ≤ 500 GeV as
mentioned in the beginning of this section and use the
condition expressed in Eq. (9) for total DM relic abun-
dance. From the plots in Fig. 9 we observe that apart
from the region when mH0 ∼ mX , there exists another
regime with mX > mH0 . However this nature disap-
pears as we increase the coupling λΦX . From the Fig. 9,
we notice that in case of λΦX = 0.1, the maximum mass
mH0 ∼ 220 GeV and then it tends to decrease with in-
creasing mX while mH0 reaches a maximum value about
300 GeV for λΦX = 0.15.
9In order to explain the nature of these plots in Fig. 10
we present the variation of ΩH0,Xh
2 vs mH0,X for the
same set of parameters considered in Fig. 9. From
Fig. 10, it can be observed that for λΦX = 0.1, ini-
tially the relic density ΩXh
2 tends to decrease with in-
creasing mX . In this regime, the contribution of inert
dark matter H0 as well as the mass of H0 also increases.
This can easily be checked by adding up the relic den-
sity ΩH0h
2 with ΩXh
2 that provide the required total
DM relic abundance. This corresponds to the regime
mX ∼ mH0 , the lower half of the semicircular arc in Fig. 9
for λΦX = 0.1 that continues till mX ∼ mH0 ∼ 220 GeV.
For larger values of mX > 220 GeV, the relic density
ΩXh
2 tends to increase while the contribution of H0 in
total DM relic decreases which also results in a reduc-
tion of the mass of H0. This regime corresponds to the
upper part of the semicircular allowed region shown in
Fig. 9. This can also be justified by looking into Fig. 6
where ΩXh
2 becomes overabundant near mX ∼ 380 GeV
for λΦX = 0.1. This indicates that with the increase
in mX , the contribution of the other candidate must be
small as ΩXh
2 approaches ΩDMh
2. Similar conclusion
can be drawn for λΦX = 0.08, 0.15 from Figs. 9 and 10.
However, with increasing values of λΦX = 0.3 such fea-
ture disappears as observed in Fig. 9. We have found
that with the present two component scenario, the relic
density contribution of H0 can be enhanced significantly.
For example, in Fig. 10, the relic density of H0 having
mass mH0 = 400 GeV when calculated for λΦX = 0.3
is about ΩH0h
2 = 0.042 with respect to the usual value
ΩH0h
2 = 0.0248 without influence of other DM candi-
date.
λΦX = 0.08
λΦX= 0.1
λΦX = 0.15
λΦX = 0.3
100 200 300 400 500
100
200
300
400
500
mH0 (GeV )
m
X
(G
e
V
)
Δm = 25 GeV
FIG. 11: mX vs mH0 for ∆m = 25 GeV as a function of λΦX .
Similar plots are shown in Figs. 11 and 12 with mass
splitting ∆m = 25 GeV. Figs. 9 and 11 depict similar
nature and as we increase the value λΦX , the relation
between mX and mH0 becomes more linear mX ∼ mH0 .
Although Fig. 11 is almost same as Fig. 9 when com-
pared for different values of λΦX , due to the larger
mass splitting contribution of ΩH0h
2 to total dark mat-
ter relic density is smaller when compared with the case
λΦX = 0.08
λΦX = 0.1
λΦX = 0.15
λΦX = 0.3
100 200 300 400 500
0.00
0.02
0.04
0.06
0.08
0.10
0.12
mH0,X (GeV )
Ω H
0
,X
h
2
Δm = 25 GeV
ΩXh2 vs mX
ΩH0h2 vs mH0
FIG. 12: ΩXh
2 vs mX ,ΩH0h
2 vs mH0 for ∆m = 25 GeV.
∆m = 10 GeV. This is shown in Fig. 12 and is obvi-
ous as for larger ∆m values contribution in ΩH0h
2 from
co-annihilation channels are suppressed. However, still,
there is sufficient contribution from the inert dark mat-
ter in total DM relic density. It can be observed that
the value of ΩH0h
2 = 0.021, for mH0 = 500 GeV with
∆m = 25 GeV when λΦX = 0.3. In the absence of the
multicomponent scenario, the contribution of inert dou-
blet candidate becomes ΩH0h
2 = 0.007. Therefore, the
extension of the inert doublet with a vector dark mat-
ter can provide a successful multicomponent dark mat-
ter scenario where the contribution of the inert candi-
date can be enhanced considerably. However such prop-
erties are prominent for larger λΦX values and when
mX ∼ mH0 . For smaller λΦX , the contribution of in-
ert doublet increases up to a certain value satisfying the
relation mX ∼ mH0 and then decrease with an increase
in the mass of mX . In such case, the inert doublet may
have very small relic density (even when mX ≥ mH0)
and most of the DM relic abundance is obtained from
the other candidate X. Overall, from Fig. 9 and Fig. 11
we can conclude that mH0 ≤ mX region in mH0 vs mX
plane is allowed in the present multicomponent model
depending on the choice of λΦX .
Direct and Indirect detection of DM candidates:
As mentioned earlier, from the study of vector dark
matter [66], it is observed that although a vector dark
matter can satisfy DM relic density with λHX ∼ 0.1
for mX ∼ 100 − 500 GeV, it is ruled out by direct
detection limits from XENON1T. For a smaller value
of λHX = 0.01, it can be easily found that vector
dark matter is in agreement with XENON1T limit for
mX ≥ 140 GeV. However, for portal vector dark matter,
relic density will be large as annihilation cross section
becomes small. On the other hand in the two-component
scenario, as shown in Fig. 4 when mX > mH0 , ΩXh
2
decreases due to new annihilation channels into an
inert doublet. From Figs. 10 to 12, we also observe
that contribution to the total DM relic density from
vector dark matter in the multicomponent framework
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is larger compared to the inert doublet. Therefore,
conservatively assuming ΩXh
2 ∼ ΩDMh2, λHX = 0.01
allows us to study the low mass vector dark matter with
mX > 140 GeV which was excluded earlier.
Similar to the case of vector dark matter, the choice
of λL = 0.01 for inert doublet dark matter is not arbi-
trary. Different collider searches for inert doublet dark
matter also consider the limit on λL (also known as λ345).
Collider study of inert doublet including the direct de-
tection limits from LUX excludes larger values of λL for
mH0 ∼ 100 GeV and for mH0 = 500 GeV, maximum
allowed value of λL = 0.4 [67, 68]. Using the direct de-
tection bound from XENON1T, the allowed limit on λL
is further reduced. From [68] (see Fig. 7 in reference men-
tioned), it is found that for mH0 ∼ 100 GeV λL ≤ 0.01
and for mH0 = 500 GeV, λL ≤ 0.1 is allowed. There-
fore, in order to study inert doublet in the mass range
mH0 ∼ 100− 500 GeV, we consider a value of λL = 0.01.
As mentioned in the beginning of this Section V, we
considered λL = λHX = 0.01 and the direct detection
cross section for both the candidates can be obtained
from Eqs. (15) and (16). Therefore, the direct detection
cross section is further reduced by the scaling ri, i =
H0, X. We have found that, with the present choice of
λL = 0.01, the regions plotted for H0 in Figs. 1 to 3, 5, 7
and 9 to 125 with 100 GeV ≤ mH0 ≤ 500 GeV remains
within the direct detection cross section limits obtained
from XENON1T [4]. Similarly for λHX = 0.01 in case
of the vector boson dark matter, we find that all the re-
gions within the mass range 140 GeV ≤ mX ≤ 500 GeV
plotted in Figs. 6 and 8 to 12 is in agreement with the
XENON1T bound. This limit is obtained by simply
assuming rX ∼ 1 in Eq. (16) since in both Figs. 10
and 12 we observe that for masses mH0,X ≤ 200 GeV,
relic density of IDM is small with respect to the vec-
tor dark matter. Therefore, all the allowed points with
mX < 140 GeV satisfying Eq. (9) in Figs. 9 to 12 are
excluded by XENON1T bound on vector dark matter.
This leaves an allowed parameter space in mH0 − mX
plane (shown in Figs. 9 and 11) satisfying the conditions
i) 100 GeV ≤ mH0 ≤ 500 GeV, ii) 140 GeV ≤ mX ≤
500 GeV and iii)mH0 ≤ mX for fixed λL, λHX ,∆m con-
sidering λΦX as the only variable. We use these limits for
further studies involving collider searches for dark mat-
ter candidates in the next section. Of course one can
avoid direct detection bound on vector dark matter by
assuming a smaller value of λHX , thus consistent with
XENON1T bound. But that would not affect the phe-
nomenology of the model leaving mH0 ≤ mX as the only
condition to restrain the model parameter space.
The bounds on the upper and lower limit of couplings
λL and λHX , obtained from direct and indirect detection
experiments, are given in Table I and II respectively. It
5 There will not be any direct detection for Fig. 1 as λL=λHX = 0.
Indirect detection Direct detection
mX
λHX
〈σv〉X 〈σv〉Fermi-LAT σX [cm2]
σXENON1T
[GeV] [cm3/s] [cm3/s] [cm2]
100 0.001 2.28×10−29
3.0×10−26
3.46×10−48
1.5×10−46100 0.01 2.27×10
−27 3.46×10−46
100 0.02 9.0×10−27 1.38×10−45
100 0.03 2.0×10−26 3.11×10−45
500 0.001 1.25×10−28
1.0×10−25
1.48×10−49
4.0×10−46500 0.01 1.37×10
−26 1.3×10−47
500 0.1 9.1×10−30 1.27×10−45
500 1.0 5.3×10−26 3.8×10−44
TABLE I: Bound on λHX from direct and indirect detection.
mH0 = 100 GeV, λΦX=0.1, λL=0.01.
Indirect detection Direct detection
mH0
λL
〈σv〉H0 〈σv〉Fermi-LAT σH0 [cm2]
σXENON1T
[GeV] [cm3/s] [cm3/s] [cm2]
100 0.001 4.47×10−28
3.0×10−26
7.2×10−50
1.5×10−46100 0.01 4.14×10
−28 7.2×10−48
100 0.1 2.18×10−28 4.13×10−46
100 1.0 2.24×10−29 8.48×10−45
500 0.001 1.81×10−33
1.0×10−25
1.25×10−50
4.0×10−46500 0.01 1.7×10
−29 1.23×10−48
500 0.1 9.1×10−30 1.0×10−46
500 1.0 4.26×10−31 3.83×10−45
TABLE II: Bound on λL from direct and indirect detection.
mX = 600 GeV, λΦX=0.1, λHX=0.01.
is self-explanatory that our choice of parameters are con-
sistent with these constraints, with the comment that
mX ≤ 140 GeV is excluded by direct detection lim-
its, as already mentioned earlier which can also be veri-
fied from these Tables. While direct detection cross sec-
tions are purely Higgs mediated for both the DM candi-
dates and therefore strongly depend on the Higgs portal
couplings λL and λHX(see Eqs. (15) and (16) for ex-
pression), indirect detection cross sections may not have
similar dependence on the couplings, because for H0,
the dominant channel is annihilation into gauge pairs,
which cannot be controlled by λL. However, indirect de-
tection channels for X will depend on λHX since it is
the only portal through which it can interact with SM.
Note that σH0 [σX ] mentioned in the above tables are
actually σH0 SM→H0 SM × (ΩH0/ΩDM) [σX SM→X SM ×
(ΩX/ΩDM)], similarly, 〈σv〉H0 and 〈σv〉X are obtained by
multiplying the total indirect annihilation cross sections
for individual DM DM→ SM SM multiplied by the frac-
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tions (ΩH0/ΩDM)
2 and (ΩX/ΩDM)
2 respectively. The
direct detection experimental bound is obtained from
XENON1T [4] and indirect bound is taken from Fermi-
LAT data [6]. It is to be noted that in the mass range
100 GeV ≤ mX,H0 ≤ 500 GeV both the dark matter can-
didates annihilate into gauge bosons dominantly. The
Fermi-LAT limit on the annihilation cross section is on
DM annihilating directly into bb¯. Both cross sections
〈σv〉H0 and 〈σv〉X are found to be much smaller with re-
spect to Fermi-LAT limit and therefore consistent with
the bounds from indirect detection since secondary an-
nihilation cross section into bb¯ pair will be even smaller.
Upper limits on H0H0 → W+W− cross section is cal-
culated in Ref. [69] considering emission of gamma ray
in dwarf galaxies and also anti-proton flux. We found
that the annihilation cross section of H0H0 → W+W−
is smaller in the present multicomponent dark matter
model compared to the observed limits in Ref. [69].
VI. DARK MATTER SIGNATURES AT THE
LHC
In this section, we will discuss the issues pertaining
to the collider signatures of the dark matter specific to
our model. We specifically focus on the dilepton plus
missing transverse energy channel (2`+ /ET , ` = e, µ) in
the present study. We choose at least 2 leading pT leptons
in the final states irrespective of their charge. Among the
two DM candidates in our model, the vector DM, X, is
produced only in the association of the SM Higgs boson,
h, because it belongs to a separate Z ′2 symmetry. As we
are aware that the branching ratio of h→ 2` is negligible,
X does not give any significant signal cross section in the
present LHC environment. Hence the collider signature
of the DM here is entirely dictated by H0. Previously,
Refs. [70, 71] studied the DM signature at the LHC for
2`+ /ET channel for IDM alone whereas Refs. [55] studied
the same signature in the context of multiparticle DM
model consisting of IDM plus scalar. In a separate study,
the authors of Ref. [33] studied the multilepton channel
with more than 2 leptons in the final state. Here we will
not address such channels as the signal cross section will
decrease significantly for them.
For this study, we first generate our model file
which can be used in a Monte Carlo event generator.
We build our model file using FeynRules [63]. This
model file is then used for generation of events through
MadGraph5 [72]. We further use Pythia 8 [73] for shower-
ing, fragmentation and hadronization to get .hepmc files.
These .hepmc files are then processed for fast simulation
in detector studies through Delphes [74]. We generate
events for the LHC at the CM energy
√
S = 13 TeV. We
used the dynamic factorisation and renormalisation scale
for the signal as well as the background events.
For the generation of parton-level events we apply
minimum or maximum cuts on the transverse mo-
mentum pT and rapidities η of light jets, b-jets, lep-
tons, photons and missing transverse momentum /ET .
Also, distance cuts between all possible final objects in
the rapidity-azimuthal plane are applied, with the dis-
tance between two objects i and j defined as ∆Rij =√
(φi − φj)2 + (ηi − ηj)2, where φi and ηi are the az-
imuthal angle and rapidity of the object i, respectively.
The preliminary selection cuts are:
• pT > 10 and |η| < 5 for all non-b-jets, photons and
leptons, and
• ∆Rij > 0.4 between all possible jets and leptons or
photons.
After this, the .lhe files obtained through parton level
events are showered with final state radiation (FSR)
with Pythia 8 where initial state radiation (ISR) and
multiple interactions are switched off and fragmenta-
tion/hadronization is allowed.
We studied the following signal processes for the 2`+
/ET final state.
Sig1: pp→ A0H0, with A0 further decaying through the
channel, A0 → `+`−H0.
Sig2: pp→ H+H−. H± can further decay into at a pair
leptons in following three ways:
a) Both the charged Higgs bosons decay asH+(H−)→
`+(`−)ν`(ν¯`)A0, followed by A0 → `+`−H0;
b) Either one of the charged Higgs bosons decays as
H+(H−) → `+(`−)ν`(ν¯`)A0, followed by A0 →
`+`−H0, whereas the other one decaying through
H+(H−)→ `+(`−)ν`(ν¯`)H0.
c) Both the charged Higgs bosons decay asH+(H−)→
`+(`−)ν`(ν¯`)H0.
Sig3: pp → H±H0. H± can further decay into at a
pair leptons as H+(H−) → `+(`−)ν`(ν¯`)A0, followed by
A0 → `+`−H0
mH0 mA0 mH+ mX
λL λHX λΦX ΩH0h
2
[GeV] [GeV] [GeV] [GeV]
BP1 150 160 160.1 205 0.01 0.01 0.07 0.01390
IDM 150 160 160.1 205 0.01 0.00468
BP2 100 125 125.1 155 0.01 0.01 0.05 0.00901
IDM 100 125 125.1 155 0.01 0.00197
TABLE III: Viable benchmark points used for collider study.
We neglected any other signal process as they are negli-
gible in comparison to the above-mentioned ones for our
benchmark points given in Table III. We have chosen
these benchmark points on the basis of the analysis of
the relic density described in the previous sections. In
Table III we have also given a comparison between IDM
and our model for the same benchmark points.
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The major background at the LHC for the 2` + /ET
final state processes are as follows
Bkg1: pp → tt¯, followed by the top (anti-)quark decay-
ing into the leptonic channel, t(t¯)→ `+(`−)ν`(ν¯`)b(b¯).
Bkg2: pp → W+W−. W± further decays via leptonic
channel as W+(W−)→ `+(`−)ν`(ν¯`).
Bkg3: pp → W±Z(γ∗), followed by W+(W−) →
`+(`−)ν`(ν¯`), and Z/γ∗ decays into leptonic channel,
Z(γ∗)→ `+`−.
Bkg4: pp → ZZ(γ∗), followed by leptonic decays Z →
ν`ν¯` and Z(γ
∗)→ `+`−.
Processes
Cross section [fb] Processes Cross section [fb]
BP1 BP2 Bkg1 21269.0
Sig1 3.40 9.83 Bkg2 3127.47
Sig2 1.99 4.59 Bkg3 402.68
Sig3 1.26 2.64 Bkg4 272.43
TABLE IV: Cross sections of the signals and backgrounds.
Table IV shows the cross sections of the signal processes
for the above-mentioned benchmark points along with
their backgrounds.
As is obvious from Table IV that the cross section is
greater in the low mass region than the higher one, we can
na¨ıvely assume that the lower mass region holds much
more promise in the search of new BSM signal. In Fig. 13
we showed the /ET distribution for our benchmark points
which further strengthens our conviction. Please note the
difference between the two plots of Fig. 13. In Fig. 13a we
plotted the /ET distribution with each individual back-
ground. Here we see that the signal is almost entirely
overshadowed by the background which conforms with
previous such studies. However Fig. 13b shows that if we
see the signal with the total normalised background we
can clearly distinguish the signals from the backgrounds
for a low mass region. Another important point in our
study is that we refrain from a strong /ET cut. Usually,
the LHC searches for the dark matter was conducted in
the context of SUSY theories. As a result, a strong /ET
cut ∼ 100 GeV is applied to suppress the background
which washes out the signal entirely in the low /ET re-
gion. Here such a strong /ET cut is not necessary for
IDM alone, specifically for the benchmark points of our
choice.
Finally, we can say that a large /ET signal at the LHC
where the dark matter can be produced along with other
visible Standard Model particles, be it photons, jets or
leptons, as in our case, can provide a mode of discovery of
invisible sector. Although the measurement of /ET relies
heavily on the precise measurement of all the other visible
particles in the collision, it is a powerful tool for observing
dark matter. With the proposed upgrade in luminosity
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FIG. 13: Distribution of /ET for the benchmark points given
in Table III. The solid histograms belong to the BP2 and
the dashed histograms (with only the peak value in each bin)
show that for BP1. In the top panel, we show the effects of
each background individually and in the bottom that of the
total backgrounds.
coming up, if we succeed in detecting dark matter at
the LHC, it will further complement the searches from
cosmic ray experiments and help us solve the riddle of
the Universe.
VII. CONCLUSION
In this work, we perform a detailed analysis of a mul-
ticomponent dark matter model. We consider a two-
component dark matter model with inert Higgs doublet
associated with a vector boson dark matter both odd
under two different discrete symmetries. We explore the
intermediate mass regime of inert Higgs doublet in the
range 100 − 500 GeV and observe that in presence of
the other DM candidate it is possible to enhance the
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relic density of inert dark matter H0 formidably when
compared with the usual single component inert doublet
model. We observe that the allowed mass ranges of inert
doublet and vector dark matter which satisfies total DM
relic abundance depend significantly on the coupling be-
tween inert Higgs doublet and vector dark matter λΦX .
We scan over a range of mass for both H0 and X in the
range 100 GeV ≤ mH0,X ≤ 500 GeV for a specific value
of λL = λHX = 0.01 and mass splitting ∆m. We show
that there exists a large allowed parameter space of the
model in mH0 vs mX plane for different λΦX values sat-
isfying the condition mH0 ≤ mX . Direct detection limits
from XENON1T further restricts the model parameter
space by excluding regions below mX < 140 GeV. How-
ever, this can be avoided by considering a smaller λHX
that satisfies direct detection limits for mX ∼ 100 GeV
making the total range 100 ≤ mX ≤ 500 GeV accessi-
ble. But this does not affect the phenomenology of mul-
ticomponent dark matter model. In a similar vein, we
have shown that an allowed parameter space can be ob-
tained in the above mentioned intermediate mass range
which obeys the indirect detection bound from Fermi-
LAT. Since IDM already satisfies relic bound in the re-
gion mH0 ≥ 550 GeV onwards due to co-annihilation
channels which become more effective in this mass range,
we have not shown the effect of our analysis in this mass
range in the paper. But we checked the region for both
DM masses up to 2 TeV, the features remain the same
- only larger couplings are required in the higher mass
range.
Apart from the phenomenology of the dark sector, we
also explore the collider signature of the inert doublet
dark matter. We observe a clear signal in the lower mass
region of the new particles of the inert doublet model.
However one should be careful in putting a hard /ET cut.
Otherwise, the signal will completely be washed away.
The collider signatures of vector dark matter are not very
significant and have not been pursued in this work. In
conclusion, we show that the present model with inert
doublet and a vector boson dark matter can successfully
provide a multicomponent dark matter scenario.
Acknowledgements
We acknowledge fruitful discussions with Poulose
Poulose, Purusottam Ghosh and Basabendu Barman.
RI thanks the SERB-DST, India for the research grant
EMR/2015/000333. ADB acknowledges the support
from the Department of Science and Technology, Gov-
ernment of India under the fellowship reference number
PDF/2016/002148 (SERB National Post-Doctoral fel-
lowship). SC would like to thank MHRD, Government
of India for the research fellowship.
Appendix A: Vector DM annihilation cross sections
In this appendix, we give the analytical expressions of
the most important conversion cross sections for vector
DM.
σXX→H+H− =
1
144pism4X
√
s− 4m2H±√
s− 4m2X
×
[
4
(λLv
2 +m2H± −m2H0)2λ2HX
(s−m2h)2
− 4(λLv
2 +m2H± −m2H0)λHXλΦX
(s−m2h)
+ λ2ΦX
]
× (12m4X − 4m2Xs+ s2) (A1)
σXX→H0H0 =
1
288pism4X
√
s− 4m2H0√
s− 4m2X
×
[
λ2Lλ
2
HXv
4
(s−m2h)2
− 2λLλHXλΦXv
2
(s−m2h)
+ λ2ΦX
]
× (12m4X − 4m2Xs+ s2) (A2)
σXX→A0A0 =
1
288pism4X
√
s− 4m2A0√
s− 4m2X
×
[
4
(λLv
2 +m2A0 −m2H0)2λ2HX
(s−m2h)2
− 4(λLv
2 +m2A0 −m2H0)λHXλΦX
(s−m2h)
+ λ2ΦX
]
× (12m4X − 4m2Xs+ s2) (A3)
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